ABSTRACT: Theoretical and experimental work suggests that time to sex change in sequential hermaphrodites may be strongly linked to local population traits and the social environment of the individuals. We evaluated social control and temporal and spatial plasticity in the sex-change response of the protandric marine gastropod Crepidula coquimbensis, which inhabits the empty shells of other gastropods and reproduces via direct development. Over 2 yr, 2 populations with significant genetic distance were sampled, and the abundance, population sex ratio, and sex ratio within hosting shells was measured. Reproductive responses, minimum female size, and the size at which 50% of the males changed sex to female (L 50 ) were calculated for each location and sampling date. The sex ratio was male-biased in all cases. High temporal and spatial variability in the abundance, sex ratio, and body size at sex change was observed. However, negative and significant correlations were found between minimum female size and number of males in the aggregation and between population sex ratio and L 50 . Although earlier studies have suggested that sexchange strategy of gastropod species with direct development is less plastic and responsive to conspecifics, the present work indicates that the protandric marine gastropod C. coquimbensis may adjust its sexual strategy to local social conditions. KEY WORDS: Sequential hermaphroditism · Life-history strategy · Size advantage · Population genetics · Sex ratio
INTRODUCTION
Sex-change strategy is observed across taxa, and recent evidence suggests that time to sex change is a plastic trait (Munday et al. 2006 ). According to experimental and field data, the timing of sex change may be strongly linked to local population traits (i.e. density, sex rate) and the social environment of the individuals (i.e. social groups or aggregations), responding in a way that maximizes reproductive output (Munday et al. 2006) . Thus, local conditions will modulate individual responses and overall sex-change strategies.
According to the size-advantage theory, optimal size for sex change will occur when the potential subsequent lifetime reproductive value as the second sex exceeds that of remaining as the first sex (Charnov 1979 (Charnov , 1982 . Empirical studies to understand the evolution and diversity of sequential hermaphroditism have been carried out in protogynous fishes (e.g. Hoffman et al. 1985 , Allsop & West 2003 , Muñoz & Warner 2003 , protandric mollusks (e.g. Hoagland 1978 , Collin 1995 , Warner et al. 1996 , Collin et al. 2005 , Dupont et al. 2006 , and to a lesser extent in crustaceans and polychaete worms, which combine simultaneous and sequential hermaphroditic strategies during their lifetime (e.g. crustaceans: Charnov 1978 , 1979 , Bauer 1986 , Juchault 1999 , Baeza 2006 , 2007  polychaetes: Sella 1990 , Lorenzi et al. 2005 . In sequential hermaphroditic fishes and crustaceans, evidence suggests that strategies modulating sex change are complex and indicate a degree of fine-tuning by population traits (e.g. fishes: Ross et al. 1983 , Alonzo & Warner 2000 , Petersen et al. 2001 , Muñoz & Warner 2004 crustaceans: Baeza 2006) . Thus, temporal and spatial intraspecific plasticity observed at the time of sex change in these groups may be explained by demographic parameters such as density, body size (or age) structure, and sex ratio (e.g. Ross et al. 1983 , Alonzo & Warner 2000 , Petersen et al. 2001 , Baeza 2006 .
In protandric marine gastropods, field and experimental studies carried out on species from different taxa (Calyptraeidae, Coralliophilidae, and limpets) suggest social regulation of sex change (Wright 1989 , Soong & Chen 1991 , Chen et al. 1998 , Collin 2000 , Chen & Soong 2003 , Richter & Luque 2004 , Rivera-Ingraham et al. 2011 . For example, in Patella ferruginea, lower frequencies of large individuals correlate with smaller sizes at sex change (RiveraIngraham et al. 2011) . Aggregate composition, sex ratio, and presence or absence of females influences size and timing at sex change in ectobiotic coralliophilids (Chen et al. 1998 , Richter & Luque 2004 , Soong & Chen 1991 and in species of the genus Crepidula (Collin 1995 , 2000 , Collin et al. 2005 . Thus, sex-change strategy appears to be highly plastic, and social conditions would be expected to promote different sex-change responses in marine protandric gastropod species.
However, social influence on sex-change strategy will depend on the spatial scale at which individuals interact. It has been proposed that marine protandric gastropods with low dispersal potential, such as direct developers, will be less responsive to conspecifics and will show low sex-change plasticity (Coe 1938 , Hoagland 1978 . Nevertheless, according to Collin et al. (2005) , there is no theoretical expectation that mode of development should be associated with strategies of sex change. In fact, the few experimental works carried out on protandric gastropods with direct development have shown that these species present similar responses to conspecifics in their sex-change strategy compared to species with planktonic development (Warner et al. 1996 , Collin et al. 2005 .
Crepidula coquimbensis is a calyptraeid with direct development that cohabits with hermit crabs inside empty shells of other marine gastropods. Social interaction is restricted to individuals sharing the same hosting shell. Groups are formed by 2 to 5 individuals, with usually 1 sedentary female and 1 to 4 mobile males. Laboratory observations suggest low mobility of males, and molecular data show high fidelity of individuals to the aggregation (Brante et al. 2011) . In the present study, we used C. coquimbensis as a model to test the effect of social structure on temporal and spatial plasticity patterns of sex change in a species with direct development and moderate social interaction, and we hypothesized that: (1) C. co quimbensis is highly responsive to conspecifics, showing high temporal and spatial variability of size at sex change, and (2) local aggregation structure (sex ratio and number of males) at the hosting shell level will modulate sex change time independent of the source population. Dispersal potential and population status of each location was evaluated through population genetic analyses using the cytochrome c oxidase subunit I (COI) gene.
MATERIALS AND METHODS

Biological model
Crepidula coquimbensis is a protandric species of the family Calyptraeidae. As with all members of the calyptraeid group, fertilization in this species is internal, and males transfer sperm during mating. Females encapsulate and brood their offspring for a period of ~40 d. Reproductive females are observed all year round. C. coquimbensis is a direct developer, with juveniles hatching from capsules at the end of the incubation time. This species exhibits gregarious behavior, with 1 female and between 1 and 4 males cohabiting the same gastropod hosting shell (e.g. genera Tegula and Argobuccinum) that a hermit crab uses (Brown & Olivares 1996) . Females are sedentary, while juveniles and males show moderate mobility (A. Brante pers. obs.). Preliminary laboratory experiments have shown that the hermit crab is the only vector for juveniles and males to move among hosting shells and colonize new microhabitat. These life-history characteristics and preliminary laboratory observations would suggest low levels of dispersal potential in C. coquimbensis. Restricted migration rates and highly structured populations would thus be expected.
Fieldwork
Sampling was carried out at 3 locations in centralnorthern Chile, distributed along ~40 km of coast: La Herradura I (29°57' 59" S, 71°21' 11" W), La Herra -dura II (29°58'59"S, 71°21'41"W), and Puerto Aldea (30°11' 30" S, 71°25' 24" W; Fig. 1 ). La Herradura I and II are located inside La Herradura Bay, while Puerto Aldea is located to the south, inside Tongoy Bay (Fig. 1) . Sampling was conducted on 4 occasions: twice a year, during winter and summer, in 2010 and 2011. A total of 50 quadrats of 50 × 50 cm were haphazardly sampled at each location and time by SCUBA divers. All shells inhabited by Crepidula coquimbensis in each quadrat were collected and stored in plastic bags for later analyses. Samples were transported in coolers filled with seawater to the Faculty of Science of the Universidad Católica de la Santísima Concepción, Concepción, Chile.
Population genetics
In order to estimate population genetic differences between the sampled locations, between 26 and 29 individuals from each location were used for genetic analyses (see Table 1 ). DNA was extracted using the standard salt protocol. We used the universal primers designed by Folmer et al. (1994) to amplify the mitochondrial COI gene. PCR amplifications were performed in 10 µl of reaction volume containing 0.2 U µl −1 of Taq DNA polymerase (Invitrogen), 1× reaction buffer, 0.25 mM dNTPs, 1.5 mM MgCl 2 , BSA 1×, 0.10 µmol of each primer, and ~6 ng µl −1 of template DNA. The PCR began with an initial denaturation (1 min at 94°C) followed by 35 cycles at 95°C (30 s), 49°C (55 s), and 72°C (1 min and 30 s), and a final extension at 72°C (10 min). PCR products were sent to Macrogen (Korea) for sequencing. Sequences were edited and aligned using BioEdit 7.0 software (Hall 1999) .
Standard genetic diversity indices such as number of haplotypes (N hap ), number of segregating sites (S), haplotype diversity (H e ), and nucleotide diversity (π) were estimated for each location using DnaSP software version 5 (Rozas & Rozas 1995) . The population genetic distance of Crepidula coquimbensis was studied by calculating both global and pairwise fixation index (F ST ) between locations. The significance of pairwise F ST was based on 10 000 permutations as implemented in Arlequin software (Excoffier et al. 1992) . To visualize the spatial distribution of the haplotypes, we constructed a haplotype network using the median joining algorithm implemented in Network 4.5.1 software (Bandelt et al. 1999 ). We applied a maximum parsimony algorithm to simplify the complex branching pattern and to represent the most parsimonious intraspecific phylogenies (Polzin & Daneshmand 2003) . Finally, demographic or selective history at the mtDNA locus was examined by calculating Tajima's D (Tajima 1989) in Arlequin software.
Population traits
For the analyses of population traits, only La Herradura I and Puerto Aldea were considered, given the high and significant population genetic differences observed between both locations (see 'Results'). In the laboratory, all individuals of Crepidula coquimbensis were removed from their hosting shell under a binocular microscope using forceps. Each individual was measured with calipers to the nearest 0.01 cm and sexed according to body size and the presence of sexual organs (Brown & Olivares 1996 , Véliz et al. 2003 . Males and females were classified by the presence or absence of a penis and female genital papilla. Juveniles were individuals with a shell length < 7 mm and lacking a penis, while transitional individuals had both a penis and female genital papilla, or were > 8 mm and lacking a penis or female genital papilla. Sexual size dimorphism was tested with Student's t-tests for each locality. A total of 1523 individuals were analyzed.
For each location and sampling period, we described the following population traits: population density, number of individuals per hosting shell, sizegender distributions, population sex ratio, and sex ratio within hosting shells. Mean population densities, mean number of individuals per hosting shell, and mean hosting shell sex ratios were compared with a 3-way ANOVA with location, year, and season as fixed factors. Prior to analysis, the data of mean population density and mean number of individuals per hosting shells were root-transformed to meet ANOVA assumptions. Differences between localities in male and female sizes were tested with Student's t-tests, separately for each sex. Spearman's rank correlations were performed for each locality in order to explore whether spatial and temporal variation in population abundance of Crepidula coquimbensis was related to variation in the number of individuals per hosting shell or number of hosting shells per m 2 occupied by C. coquimbensis, Population sex ratio was compared with respect to an unbiased proportion of males and females with chi-squared tests for each location and season. We expected colonizing populations with high recruiting rates to have high densities and high sex ratios, and older populations to present a more stable demographic structure with lower sex ratios and lower densities. We used Spearman's rank correlation test to discard the possibility that differences in population sex ratios between localities and sampling times were due to differences in population densities. Given that local social interactions between individuals of Crepidula coquimbensis are produced within hosting shells, mean sex ratio within hosting shells was calculated and compared with a hypothetical value of 1, assuming no sex-bias, using Student's ttests for each location and sampling period.
In order to explore the effect of social interactions on the determination of the sex-change size, we correlated, for each population, the mean value of the smallest female size in the aggregates observed in each sample unit (quadrat) with the mean number of males per aggregate in the corresponding sample unit. We also calculated the size at which sex change occurs in the field using a logistic regression to predict the size at which 50% of the individuals were males (L 50 ; Allsop & West 2003) . L 50 was correlated with population mean sex ratio within hosting shells. Significance of correlations (minimum female size and L 50 ) was tested using Spearman's rank correlation tests.
RESULTS
Population genetics
A total of 626 bp of the COI gene were analyzed in 83 individuals from the 3 locations sampled. We found a total of 19 haplotypes, ranging from 5 haplotypes in La Herradura II to 11 haplotypes in Puerto Aldea, with a total of 26 segregating sites (Table 1) . Puerto Aldea had the highest values of both genetic diversity indexes estimated, H e and π, while La Herradura I had the lowest diversities (Table 1) .
The global F ST value of 0.3 was significant (p < 0.05). All F ST pairwise comparisons between locations were significant (p < 0.05), with the lowest genetic differentiation observed between the sites inside La Herradura Bay (La Herradura I and II), and the highest values recorded between the different bays ( Table 2 ). The haplotype network exhibited 2 common haplotypes, H1 and H2, separated by 1 mutational step (Fig. 2) . The most frequent haplotype (H1) was exclusive to La Herradura Bay (La Herradura I and II), while H2 was shared by Puerto Aldea and La Herradura I samples. All haplotypes derived from those most common haplotypes were exclusive to the sampled bay (La Herradura Bay and Tongoy Bay; Fig. 2) .
The overall Tajima's test for the 3 locations had a significant and negative value (D = −2.3, p < 0.05). Similarly, significant and negative Tajima's D values were observed in Puerto Aldea (D = −1.8, p < 0.05) and La Herradura I (D = −1.5, p < 0.05). La Herradura II had a negative but non-significant value.
Population traits
Presence of Crepidula coquimbensis was recorded in ~60.5% of potential host shells sampled in Puerto Aldea and in 45.7% of potential host shells in La Herradura I. Mean population abundance of this species was highly variable, at temporal and spatial scales, ranging between 9.04 ± 1.3 (SE) and 32.12 ± 12.8 ind. m −2 throughout the whole sampling period (Fig. 3A ). Significant differences in abundance were only detected between locations, with Puerto Aldea exhibiting higher abundances (3-way ANOVA: F 1, 372 = 19.73, p < 0.001). Mean number of individuals of C. coquimbensis per hosting shell was also variable, with the highest and lowest values observed in Puerto Aldea during winter 2010 (4.86 ± 0.3 SE) and winter 2011 (3.01 ± 0.2 SE), respectively (Fig. 3B) . The ANOVA showed a significant effect in the interaction term Year × Locality × Season (3-way ANOVA: F 1, 476 = 13.51, p < 0.001). Puerto Aldea in winter 2010 differed significantly from the other treatments, except for Puerto Aldea in summer 2011 (Tukey's a posteriori test: p < 0.05; Fig. 3B) ; also, this last treatment did not differ from Puerto Aldea in summer 2010 and La Herradura I in summer 2010 (Tukey's a posteriori test: p < 0.05; Fig. 3B ). Mean population abundance correlated with the number of hosting shells per m 2 occupied by C. coquimbensis (Spearman's rank correlation: r S = 0.85, p < 0.001) but did not correlate with the mean number of individuals per hosting shell (Spearman's rank correlation: r S = 0.64, p = 0.09).
Of the shells inhabited by Crepidula coquimbensis, 16.7% were occupied only by males or juveniles. The remaining hosting shells (83.3%) contained at least 1 female. Population sex ratio was male-biased at both locations at all sampling times (chi-squared test: p < 0.05 in all cases; Fig. 4A ). Similarly, mean sex ratio within hosting shells departed significantly from the expected value of 1 (no sex-bias) in all cases (loca- .47 ± 7.09 mm; Student's t = 45.5, p < 0.01; La Herradura I: males 6.49 ± 2.16 mm, females 19.91 ± 5.79 mm; Student's t = 31.9, p < 0.01); however, no significant differences were detected in male and female sizes between localities (males Student's t = 1.09, df = 735, p > 0.05; females Student's t = 1.33, df = 370, p > 0.05). Size-gender distributions evidenced high levels of overlap between the male and female size ranges (Fig. 5) . Maximum male size was observed in Puerto Aldea during summer 2011 (15.2 mm), while the smallest males were observed in the same location during winter 2010 (2.95 mm).
Transitional individuals were found during all sampling periods. Transitional size ranges were variable, with the widest range observed in Puerto Aldea during summer 2010 (Fig. 5) . Similarly, minimum female size was highly variable, ranging from 6.96 to 11.68 mm. The size at sex change estimated by logistic regression (L 50 ) varied between 6.99 and 13.01 in Puerto Aldea for summer and winter 2010, respectively, with an average value of 10.21 ± 1.35 (SE) mm in Puerto Aldea and 11.46 ± 0.59 mm in La Herradura I (Table 3) .
No clear pattern was observed in the size ranges of different life-cycle stages or in the L 50 index through time and space. However, a significant and negative correlation was observed between mean value of the smallest female size in the aggregates observed in each quadrat with the mean number of males per aggregate in the corresponding quadrat (Spearman's rank correlation: Puerto Aldea: r S = −0.63, p < 0.01; La Herradura I: r S = −0.65, p < 0.01; Fig. 6 ) and between mean sex ratio within hosting shells and the L 50 value when pooling both populations (Spearman's rank correlation: r S = −0.93, p < 0.05; Fig. 7 ).
DISCUSSION
We have provided evidence that body size at sex change is highly plastic and socially determined in the direct developer and protandric marine gastropod Crepidula coquimbensis. Two populations with restricted genetic flow exhibited highly male-biased sex ratios, but different temporal dynamics of abundance and sex ratio. Morphological traits associated with sex-change strategy, such as minimum female size and L 50 , varied with time and space. However, Table 3 . Crepidula coquimbensis. Size (mm) at which 50% of the individuals were male (L 50 ) at different localities and time Fig. 6 . Crepidula coquimbensis. Relationship between the mean value of the smallest female size in the aggregates observed in each sample unit (quadrat) with the mean number of males per aggregate in the corresponding sample unit in (A) Puerto Aldea and (B) La Herradura I Fig. 7 . Crepidula coquimbensis. Relationship between size at which 50% of the individuals were male (L 50 ) and the mean population sex ratio for Puerto Aldea (s) and La Herradura I (d) both traits were highly and negatively correlated with the mean number of males in the aggregation and the mean sex ratio within hosting shells, respectively. Our results suggest that the sex-change strategy of the direct developer C. coquimbensis may be highly variable at spatial and temporal scales, and that the timing of sex change may respond to local conspecific social interactions. Variability in the population mean abundance of Crepidula coquimbensis observed especially at spatial scales could be explained by local variations in the number of hosting shells occupied by individuals of this species. Population sex ratio was biased toward males and also varied at spatial and time scales. Theoretical models predict male-biased sex ratio in protandric species (Allsop & West 2004) . However, other studies on protandric species of the calyptraeid group have not supported this expectation, and high intra-and inter-specific variability have been observed (e.g. Dupont et al. 2006 , Collin et al. 2005 , Collin 2006 ). For example, in a study across 19 Calyptraeidae species, no significant bias in sex ratio was observed in ~50% of species (Collin 2006) . According to Collin (2006) , this variability and discrepancy between theoretical and empirical data could be explained by the violation of the assumption of the sex allocation theory. This theory assumes a positive relationship between female fecundity and body size and a positive or no relationship between male fecundity and body size (Charnov & Bull 1989) . In C. coquimbensis, between 1 and 5 males may inhabit a hosting shell with a female. This aggregation resulted in populations of C. coquimbensis with a significant male-biased sex ratio throughout the whole sampling period (2 yr) in the present study. The male bias in this species suggests that the reproductive function of males and females fulfills the assumption of the sex allocation theory. Laboratory measurements have shown that female fecundity of C. coquimbensis increases with body size (A. Brante pers. obs.). In addition, paternity analyses of this species suggest a high potential for sperm storage in the female (up to at least 6 mo) and a high level of multiple paternity (Brante et al. 2011) . Moreover, the same genetic analyses indicated that males of different body sizes in an aggregation may participate in similar proportions as fathers in a brood demonstrating, as the theory predicts, independence between reproductive success and male body size (Brante et al. 2011) .
The 3 localities of Crepidula coquimbensis analyzed in the present study had significant genetic differences (F ST ), suggesting restricted connectivity between them. As a general rule, marine species with limited dispersion have a high degree of population genetic structure (e.g. sea cucumbers: Arndt & Smith 1998; fishes: Riginos & Victor 2001 , Dawson et al. 2002 barnacles: Sotka et al. 2004; gastropods: Kyle & Boulding 2000 , Collin 2001 , Johnson & Black 2006 , Lee & Boulding 2009 corals: Hellberg 1996 , Miller & Ayre 2008 , Pelc et al. 2009 ; see also a metaanalysis by Kelly & Palumbi 2010) . C. coquimbensis is a direct-developer species and, as with all members of the Calyptraeidae group, females are sedentary and males present low mobility. In addition, according to laboratory experiments, the hermit crab Pagurus edwardsii, which cohabits with C. coquimbensis within a hosting shell, is the only vector promoting the colonization of other shells (A. Brante pers. obs.). All these characteristics could explain the low dispersal potential and population connectivity in C. coquimbensis.
For marine protandric gastropods with low dispersal potential, it has been suggested that sex change will be less responsive to social control and would be less labile (Coe 1938 , Hoagland 1978 ). However, we have shown that the sex-change strategy of Crepidula coquimbensis, a direct-developer species with highly restricted dispersal and moderate gregarious behavior, presented high levels of plasticity and responded to social interactions. C. coquimbensis evidenced a wide overlap between body size range of male and female individuals. This pattern has been described in many protandric gastropods with plastic and socially controlled sex change (e.g. Soong & Chen 1991 , Collin 2000 , Chen et al. 2004 , Richter & Luque 2004 , Rivera-Ingraham et al. 2011 . In addition, minimum female size was negatively correlated with number of males present in the aggregation, and L 50 negatively correlated with sex ratio of the aggregation. These results suggest that males of C. coquimbensis would accelerate sex change when a higher proportion of males cohabit in a hosting shell. Social control and high plasticity in time to sex change have been reported in 2 other direct-developer calyptraeid species (Warner et al. 1996 , Collin et al. 2005 . For example, individuals of C. norrisiarum changed sex faster in the presence of smaller males than when alone, and no sex change was observed when larger females were present in the aggregation (Warner et al. 1996) . Similar results were observed by Collin et al. (2005) in the direct developer C. cf. onyx.
Paternity analyses in Crepidula coquimbensis suggest that male-male competition for access to the female would increase with the number of males in the aggregation (Brante et al. 2011 ). In addition, sperm storage by females may promote sperm competition in the aggregation, which would be more intense as the number of males increases (Brante et al. 2011) . In this way, it is possible that a higher number of males in the aggregation reduces male reproductive success and promote sex change at smaller sizes in C. coquimbensis. Paternity analyses carried out in the indirect-developer species C. fornicata suggest that multiple paternity and the capacity of females to store sperm promote high competition among males for access to the female as well as high sperm competition, which would ultimately determine the time of sex change in this species (Dupont et al. 2006 ). More specific experimental protocols and paternity analyses are needed to determine the importance of pre-copulatory (i.e. access to the female) and post-copulatory (i.e. sperm competition) factors determining time of sex change in C. coquimbensis.
In conclusion, field and genetic analyses suggest that in spite of low dispersal potential, high genetic differences between populations, and moderate aggregation behavior of Crepidula coquimbensis, common patterns and mechanisms are modulating time to sex change in this species. Social interactions rather than other life-history characteristics, such as developmental mode, may be driving sex-change strategy in marine protandric gastropods. 
